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We have investigated low energy nuclear spin excitations in double perovskite compounds 
R 2 CoMn06 (R = Y,Tb) by inelastic neutron scattering with a high-resolution back-scattering spec- 
trometer. We observed inelastic signals at about 2.1 /xeV for Y 2 CoMnOe and also for Tb 2 CoMnOti 
at T = 2 K in both energy loss and energy gain sides. We interpret these inelastic peaks to be due 
to the transitions between the hyperfine split nuclear levels of 59 Co nucleus. The inelastic peaks 
move towards the central elastic peak and finally merge with it at the magnetic ordering temper- 
ature Tc- The energy of the low energy excitations decreases continuously and becomes zero at 
T c w 75 K for Y 2 CoMn0 6 and T c w 100 K for Tb 2 CoMn0 6 . For Tb 2 CoMn0 6 , which contains 
magnetic rare-earth ions, additional quasielastic scattering due presumably to the fluctuations of 
large Tb magnetic moments was observed. The present study reveals the magnetic ordering of the 
Co sublattice. The results of this investigation along with that obtained by us for other compounds 
indicate the presence of unquenched orbital moments in some of the Co compounds. 

PACS numbers: 75.25.+Z 



I. INTRODUCTION 

Rare earth double perovskites R2BB'Og where R is Y 
or a rare-earth element and B and B' are transition ele- 
ments, are strongly correlated electron compounds that 
have drawn a lot of interest lately. Initially these com- 
pounds were investigated ^ for the verification of the 
Goodenough-Kanamori rulea^, which predict that fer- 
romagnetism results when an empty d orbital of one 
metal site interacts with a half-filled d-orbitals of another 
metal site through an anion in a 180° superexchange in- 
teraction. Recently these compounds have been studied 
for their possible applications as high temperature fer- 
romagnetic semiconductors in spintronics. These com- 
pounds have been found to show large magnetocapaci- 
tance, cationic-ordering and are even predicted to exhibit 
polar behaviour^. They crystallize in either monoclinic 
P1\jn space group or in orthorhombic Prima. In the 
monoclinic space group, symmetry allows the B cations 
to occupy the Wyckoff positions 2c or 2d and hence, a 
B-site ordered structure can resullP. The cationic or- 
dering at the B-site is an important issue which has di- 
rect correlation to magnetism and electrical transport in 
double perovskites (DP) in general. The ferromagnetic 
properties of DPs were explainecP based on double ex- 
change between B 2+ - O - B' 4+ . But perfect order- 
ing is never attained and the mixed occupation of the 
B-site by the two cations, known as antisite disorder 
plays an important and influential factor in the mag- 
netic properties of these materials. The antisite disorder 
can lead to superexchange interactions between the B 2+ 
and B' 4+ cations, as does stabilization of other valence 
of B (like B 3+ or B' 3+ ). Even though La-based dou- 
ble perovskites with B/B' occupied by Co, Mn, Ni etc 
have received much attention in this regard, R2BB'0*6 



with small-radius, magnetic rare earth have rarely been 
reportecPESJ The small-radii-rare-earth DPs are inter- 
esting because the small radius of R is propitious for the 
ordered cationic arrangement at the B/B' sites in ad- 
dition to the structural distortions that can result from 
ionic radii difference. Apart from size effects and crys- 
tallographic ordering, the spin states of the B-site ions 
are also important, for example, Co can assume different 
valence and spin states in these materials. Another im- 
portant parameter is the magnetocrystalline anisotropy 
of the rare earth ion that can show up as interesting mag- 
netic properties at low temperatures. Thus it is clear 
that a correct explanation of the observed macroscopic 
properties of DPs can be advanced only after estimating 
the valence, spin states and a thorough crystallographic 
characterization which consequently quantifies the anti- 
site disorder of the B-site ions. 

Here we have investigated the magnetic ordering in 
Y 2 CoMn06 and Tb2CoMnC>6 by a less-known technique 
of high resolution neutron spectroscopy. This technique, 
described in detail in section|lVj enables one to probe the 
magnetic ordering of Co ions, thanks to the large spin 
dependent scattering cross section of the 59 Co isotope 
which has 100% natural abundance. By proper calibra- 
tion one can also estimate the ordered magnetic moment 
of Co ions in these double perovskite compounds. Neu- 
tron diffraction on the contrary can only determine the 
average magnetic moment of Co and Mn in these double 
perovskite compounds. 



II. SYNTHESIS AND CHARACTERIZATION 

Poly crystalline powders of Y2CoMn06 and 
Tb2CoMnOg were prepared through conventional 
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solid state reaction using 4N purity Y2O3, TD2O3, 
C03O4 and MnC>2. After mixing the chemicals in 
desired stoichiometric ratios, they were ground using a 
mortar and pestle and heat treated at 1320 C for 48 h. 
The cycle of grinding and heating was repeated till a 
homogeneous phase was obtained. Room temperature 
powder x-ray diffraction experiments were performed on 
a Huber Diffractometer with Guinier geometry using Cu 
Ka radiation. The results of refined lattice parameters 
in the monoclinic space group P2\/n are a = 5.2330(3), 
b = 5.5929(3), c = 7.4692(4) A, /3 = 89.954(7)° for 
Y 2 CoMn0 6 with the reliability factors: R p = 0.149, 
Rw P — 0.10 and x 2 — 4.09. The corresponding results 
for Tb 2 CoMn0 6 are a = 5.2777(5), b = 5.5839(5), 
c = 7.5119(7) A, = 90.009(4)° and the reliability fac- 
tors are R p = 0.301, R wp = 0.155, x 2 = 1-H- The X-ray 
data can also be refined in orthorhombic space group 
Prima. The refinement in Pbnm gives the following 
results for Y 2 CoMn0 6 : a = 5.2331(3), b = 5.5929(4), 

c = 7.4693(5) A, the unit cell volume V = 218.621(2)A 3 , 
RBragg = 0.249, R p = 0.156; R wp = 0.108; x 2 = 4.8. For 
Tb2C0MnO6 the refinement in the orthorhombic space 
group Pbnm gives a — 5.2795(5), b = 5.5860(5), c = 
7.5145(7) A, the unit cell volume V = 221.617(4)A 3 , 
RBragg = 0.0358, R p = 0.288; R wp = 0.149; x 2 = 1.2. 
Fig. [T] shows the Rietveld refinement of the X-ray 
diffraction data in the orthorhombic space group Pbnm. 
With the present data it is not easy to distinguish 
between the monoclinic and the orthorhombic space 
groups. 
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FIG. 1: (Color online) Results of the Rietveld refinement 
of the X-ray diffraction data from (a) Y2CoMn06 and (b) 
Tb 2 CoMn0 6 . 
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III. MAGNETIC MEASUREMENTS 

Magnetic measurements were performed using a 
SQUID magnetometer as well as Physical Property Mea- 
surement System (both Quantum Design). Fig. [2] 
shows the results of magnetization measurements on 
Y2CoMnC>6. Fig. [3] shows the results of magnetization 
measurements on Tb2CoMn06- The magnetic transition 
temperatures are determined by measuring temperature 
evolution of magnetization. The T c for Y2CoMn06 is 
about 70 K and that of Tb 2 CoMn0 6 is about 98 K. 



IV. HYPERFINE INTERACTION 

The hyperfine field of an atom or ion is the mag- 
netic field at the atomic nucleus produced by the elec- 
trons in the solid due to the hyperfine interaction be- 
tween the magnetic moment of the electrons and that of 
the nucleus^. This interaction can be measured by the 
Mossbauer effect or by the nuclear magnetic resonance 
(NMR) technique. Another less well-known method is 
the spin-flip scattering of neutrons measured by high res- 
olution neutron spectroscopy^. It is well-known that the 
magnetic hyperfine fields in a solid give valuable infor- 



FIG. 2: (Color online) Magnetization profiles for Y2CoMn06 
in zero-field-cooled (ZFC) and field-cooled (FC) cycles with 
applied fields of (a) 100 Oe, (b) 500 Oe, and (c) 20 kOe. 
The phase transition from the paramagnetic to ferromagnetic 
phase occurs at Tc ~ 70 K. (d) shows the Curie-Wiess fit to 
inverse magnetic susceptibility. 




100 200 300 
Temperature (K) 



1 00 200 
Temperature (K) 



FIG. 3: (Color online) Magnetization profiles for Tb2CoMnOe 
in zero-field-cooled (ZFC) and field-cooled (FC) cycles with 
applied fields of (a) 100 Oe, (b) 500 Oe, and (c) 20 kOe. 
The phase transition from the paramagnetic to ferromagnetic 
phase occurs at Tc ~ 98 K. (d) shows the Curie-Wiess fit to 
inverse magnetic susceptibility. 
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mation about the electronic structure and the magnetic 
properties of the solid. The hyperfine field is a valuable 
probe of electron spin density distribution at the nuclei. 
It can sometimes be related to the electronic magnetic 
moment. The hyperfine field is site and clement selec- 
tive. The hyperfine field Bhf can be given by 



Bhf - B 



hf 



D 



hf 



B hf 



(1) 



where B s h ^ is the Fermi contact term due to the s elec- 
trons, Bfij! is magnetic dipole and B^^ is the orbital term 
due to the non-s electrons. Normally the Fermi contact 
term is the most dominant term whereas the magnetic 
dipole term is often very small and can be neglected. 
The orbital term is appreciable for rare earth ions except 
for Eu 2+ and Gd 3+ , which have no orbital moment. The 
orbital moment is usually quenched in some 3d Fe series 
elements. However in some compounds of Co and V it 
can be quite important. 

The method of investigating hyperfine interaction by 
high resolution back-scattering neutron spectroscopy was 
developed by Heidemann 12 . Heidemann 12 worked out 
the double differential cross section of this scattering pro- 
cess. The process can be summarized as follows: If neu- 
trons with spin s are scattered from nuclei with spins 
I, the probability that their spins will be flipped is 2/3. 
The nucleus at which the neutron is scattered with a 
spin-flip, changes its magnetic quantum number M to 
Mil due to the conservation of the angular momen- 
tum. If the nuclear ground state is split up into differ- 
ent energy levels Em due to the hyperfine magnetic field 
or an electric quadrupole interaction, then the neutron 
spin-flip produces a change of the ground state energy 
AE = Em — Em±i- This energy change is transferred to 
the scattered neutron. The double differential scattering 
cross section^ is given by the following expressions: 
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where a and a 1 are coherent and spin-incoherent scatter- 
ing lengths, W(Q) is the Debye- Waller factor and E is 
the incident neutron energy, 5 is the Dirac delta function. 
If the sample contains one type of isotope then a 2 — a 2 

is zero. Also a/1 ± 4^ ~ 1 because AE is usually much 



less than the incident neutron energy E . In this case 
2/3 of incoherent scattering will be spin- flip scattering. 
Also one expects a central elastic peak and two inelas- 
tic peaks of approximately equal intensities. The 59 Co is 
such a case. 

We investigated previously hyperfine interaction in 
several Nd compounds^HH! by high resolution neutron 
spectroscopy and found that the hyperfine splitting of 
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FIG. 4: (Color online) Inelastic neutron scattering spectra of 
Y2CoMnOe at several temperatures. 



the Nd nuclear levels is linearly proportional to the or- 
dered electronic magnetic moment of Nd. Our recent 
investigation on a series of Co compounds^HSSI showed 
that this simple relationship is no longer valid for Co 
compounds presumably due to the unquenched orbital 
moments in Co-compounds. It is known that in Co metal 
and also in some Co-compounds the sign of the hyper- 
fine field due the electronic orbital magnetic moment is 
opposite to that due to the spin moment. The orbital 
moments in different Co-compounds are different and of- 
ten unknown. The determination of orbital moment is 
not easy and involves either polarized neutron diffraction 
or X-ray magnetic scattering or x-ray magnetic circular 
dichroism (XRMD) techniques. What we usually know 
is the total ordered magnetic moment by unpolarised 
neutron diffraction. So the study of hyperfine interac- 
tion may also give useful information about the orbital 
magnetic moment. We therefore studied a series of Co 
compounds^H 2 ^ by high-resolution back-scattering neu- 
tron spectroscopy. Also Heidemann 2 ^ and Heidemann et 
alP^ studied Co and Co-P amorphous alloys and La-Co, 
Y-Co and Th-Co intermetallic compounds. Here we re- 
port the results of the studying the hyperfine interaction 
in the double perovskites Y 2 CoMn06 and Tb 2 CoMn06 
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FIG. 5: (Color online) Energy spectra of Y2CoMn06 at sev- FIG. 7: (Color online) Energy spectra of Tb2CoMn06 at sev- 
eral temperatures. The continuous curves are fits of the elastic eral temperatures. The red continuous curves are attempts 
and the two inelastic peaks with three Gaussian functions. to fit the data. At low temperatures T = 2 and 20 K and also 

at T = 80 K where the quasielstic scattering is very broad 
and mostly outside of the energy window of the instrument, 
three Gaussians peaks have been fitted, but the results are 
unsatisfactory. At T = 40 and 60 K a Gaussian peak for the 
elastic peak and a Lorentzian for the quasielastic scattering 
have been used to fit the data and the fits were satisfactory. 
At T = 100 K only a Gaussian function has been fitted. 
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FIG. 6: (Color online) Temperature variation of the energy 
of the inelastic peak of Y2CoMn06 . 



V. HIGH RESOLUTION INELASTIC NEUTRON 
SCATTERING INVESTIGATIONS 

We performed inelastic neutron scattering experiment 
on the back-scattering neutron spectrometer IN16 of 
the Institute Laue-Langevin. The neutron wavelength 
was 6.271 A. About 5 g of powder Y2C0M11O6 and 
Tb2CoMn06 samples were placed inside a fiat Al sample 
holder that was fixed to the cold tip of the standard He 
cryofurnace. 

Fig. |5]shows energy spectra obtained from Y 2 CoMn06 
at several temperatures. We checked carefully the Q de- 
pendence of the inelastic peaks and found that they were 
Q independent as expected for hyperfine peaks. So we in- 
tegrated over all measured Q. At low temperature we see 
inelastic peaks on both sides of the central elastic peak 
at about 2.1 /ieV. The inelastic peaks move towards the 
central elastic peak at higher temperatures and finally 
merge into the elastic peak at T c ps 70 K. We fitted 
three Gaussian peaks for the elastic and the two inelas- 
tic peaks by least squares method. We constrained the 
two inelastic peaks to have same widths. Fig. [6] shows 
the temperature variation of the energy of the inelastic 
peaks. The energy of the inelastic peak decreases con- 
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TABLE I: Ordered electronic moment of Co and the energy 
of Co nuclear spin excitations 



Compound 


Moment ((j,b) 


AE(ueV) 


Reference 


Y 2 CoMn0 6 


- 


2.11(4) 


[present work] 


Tb 2 CoMn0 6 


- 


2.1(1) 


[present work] 


CoV 2 6 


3.5(1) 


1.38(5) 


[23] 


C0CI2 


3.0(1) 


1.34(3) 


[25] 


Co 2 Si0 4 


3.61(3) 


1.387(6) 


[22] 


CoF 2 


2.60(4) 


0.728(8) 


[21] 


CoO 


3.80(6) 


2.05(1) 


[20] 


Co 


1.71 


0.892(4) 


[24,26] 


C00.873P0.127 


1.35 


0.67 


[26] 


Coo.837Po.i6i 


1.0 


0.54 


[26] 


C00.827P0.173 


1.07 


0.56 


[26] 


C00.82P0.18 


0.93 


0.49 


[26] 


LaCoi3 


1.58 


0.69 


[27] 


LaCos 


1.46 


0.32 


[27] 


YCo 5 


1.51 


0.37 


[27] 


ThCo 5 


1.02 


0.31 


[27] 



tinuously at first slowly then close to Tc ~ 70 K the 
energy becomes zero. The determination of the energy 
of the inelastic peak by fitting with Gaussian functions 
do not work when the inelastic peaks approach close to 
the central elastic peak close to Tc- The energy eval- 
uated for T = 75 K is therefore not reliable. We have 
therefore drawn Fig. [6] a smooth curve passing through 
all other data points except that at T = 75 K. The dot- 
ted curve that gives Tc ~ 70 K is just an extrapolation 
of the smooth curve. 

Fig. [7] shows Q-integrated neutron scattering spectra 
from Tb 2 CoMn06 at several temperatures. At T = 2 K 
we observe two clear inelastic signals at about E = 2.1 
/xeV on the energy-loss and energy-gain sides. At T = 
20 K the inelastic signals are still visible. At T = 40 K, 
however, strong quasielastic scattering appears and pre- 
sumably obliterates the inelastic signals. At T — 60 K the 
quasielastic scattering is even stronger and the inelastic 
signals are not visible. At T = 80 K the quasielastic scat- 
tering becomes very broad and most of the quasielastic 
scattering goes outside the window making the inelastic 
signal visible again. At T= 100 K there exist no apprecia- 
ble inelastic signals. We know from magnetization mea- 
surements the transition temperature T c of Tb2CoMn06 
is also about 100 K. However, attempts to fit the inelastic 
signals at T = 2, 20 and 80 K were not very successful. 
The quasielastic scattering at T = 40 and 60 K could 
be fitted by a Lorentzian function and a Gaussian res- 
olution function. We interpret the origin of quasielastic 
scattering in Tb2CoMn06 to be due to the fluctuating 
electronic moment of Tb ions which is very large. In 
contrast we do not observe any quasielastic scattering in 
Y2CoMn06 because of the absence of a magnetic ion in 
the rare earth site in this compound. Also we know from 
magnetization measurements that the magnetic ordering 
in Tb2CoMnOg is not quite ferromagnetic but is proba- 
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FIG. 8: (Color online) Plot of the energy of inelastic signal 
vs. ordered electronic moment of Co-based materials. The 
continuous curves are linear and power law fit of the data 
corresponding to the normal and anomalous compounds. 



bly spin-glass like. 



VI. HYPERFINE INTERACTION IN 
CO-COMPOUNDS 

In Table 1 we give the magnetic moments and the en- 
ergy of low energy nuclear spin excitations in Co and 
all Co compounds studied so far by high resolution neu- 
tron spectroscopy. In Fig. |8]we plot the energy of nuclear 
spin excitations vs. the ordered magnetic moments of Co 
compounds investigated so far. We note that although 
Co, CoO, CoCl 2 and amorphous Co-P alloys and also 
perhaps LaCoi3 lie on a straight line passing through 
the origin, several other compounds viz. LaCo5, YC05, 
ThCo 5 CoF 2 , C0V2O6 and Co2Si04 deviate apprecia- 
bly from the linear behaviour. The slope of the linear 
fit E — afi (p — magnetic moment) of the data for Co, 
C0CI2, Co-P amorphous alloys, CoO and LaCoi3 gives 
a value of a — 0.50 ± 0. 01 fieV / fiB- The data for these 
compounds have been shown by blue circles and the fit- 
ted blue straight line. The data corresponding to the 
other anomalous compounds can be fitted by a power law 
E = a^i' 1 with a = 0.19 ± 0.03 and n = 1.5 ± 0.1 3/2 
and is shown by the red curve in Fig. [8j We ascribe the 
anomalous behaviour to the presence of unquenched or- 
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bital moments in these compounds. The orbital moment 
in 3d transition metal compounds is normally quenched. 
However Co and also V compounds are known to pos- 
sess considerable unqucnchcd orbital moments. The hy- 
pcrfinc field due to the unquenched orbital moment can 
have opposite sig 

rP 

to that due to Fermi contact term 
and thus can reduce the effective hyperfine field. This is 
probably the case for the Co compounds, CoF 2 , Co 2 Si04, 
C0V2O6 and intermetallic compounds LaCoi3, LaCos, 
YC05 and TI1C05. The hyperfine fields in these com- 
pounds are much less than that expected from their mo- 
ments and therefore deviate from the linear behaviour. 
This is of course only a qualitative explanation in the 
absence of any ab-intitio calculations of the orbital mo- 
ments and hyperfine fields in these compounds. Assum- 



ing the double perovskite compounds Y2CoMn06 and 
Tb2CoMn06 behave normally we can estimate the total 
magnetic moment from the straight line plot to be 4.2/i^ 
for both the compounds. If however we assume that 
the double perovkite compounds behave anomalously like 
those lying on the red curve of Fig. |] then we get a mag- 
netic moment of 4. 8/13. The estimated magnetic mo- 
ments are very large compared to the expected spin-only 
value of 3.5 /ib- This simply shows that the hyperfine 
field or the hyperfine splitting is not any simple func- 
tion of the magnetic moment. To clarify these points 
ab-intio calculations of the hyperfine field and magnetic 
moments of Co compounds are urgently needed. It is 
also probably helpful to investigate more Co compounds 
experimentally by the present technique. 
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